Abstract-A three-axis piezoresistive accelerometer which has adjustable resolutions to three axes was developed using MicroElectroMechanical Systems (MEMS) technology. This sensor made of a heavy proof mass and four long beams is to obtain high resolutions by reducing resonance frequencies. Adjustable resolution with small cross axis sensitivity could be obtained by a three-dimensional sensor structure.
INTRODUCTION
Micro-machined inertial sensors that consist of accelerometers and gyroscopes have a significant percentage of silicon based sensors. Accelerometers have the second largest sale volume after pressure sensors [1] and can be found mainly in the automotive industry, biomedical applications, household electronics, robotics, vibration analysis, navigation systems, and so on. Variety of accelerometers has increased based on different principles such as capacitive, piezoresistive, piezoelectric. The concept of the accelerometer is not new, but the demand from commerce has motivated continuous research in order to minimize the size and improve its performance.
The realistic applications create a huge motivation for the widely research of MEMS based sensors, especially accelerometers. In the modern world, applications require new sensors with smaller size and higher performance. However, there are few results which can bring out efficient and comprehensive methodologies for accelerometer designs in practice.
II. LITERATURE SURVEY AND LIMITATIONS OF EXISTING
METHODS In fact, there is a lack of research which focuses on optimizing the performance of the multi-axis accelerometer.
In 1997, Ramos J. [2] presented a lateral capacitive structure that could enhance the sensitivity by width optimization. An optimum assignment is thus found for the distribution of area in surface micro-machined lateral capacitive accelerometers between stationary and movement of the sensor.
In 2000, Harkey J.A. et al. [3] presented flicker noise considerations for the design and process optimization of piezoresistive cantilevers. In this work, data was shown to validate the Hooge model for the flicker noise in piezoresistive cantilevers. Following the equations of the Hooge and Johnson noise, and sensitivity, an expression was derived to predict the force resolution of a piezoresistive cantilever based on its geometry and processing. Using this expression, an optimization analysis was also performed.
In 2004, Sankar A.R. et al. [4] presented temperature drift analysis of the silicon micro-machined piezoresistive accelerometer. The result is quite simple in terms of the variation of output voltage at different accelerations and temperatures. On the other hand, the optimization targets have not been mentioned.
In 2006, Pramanik C. et al. [5] presented a design optimization of high performance conventional silicon-based pressure sensors on flat diaphragms for low-pressure biomedical applications. It was achieved by optimizing the doping concentration and the geometry of the piezoresistors. A new figure of merit called the performance factor (PF) is defined as the sensitivity (S) and signal-to-noise (SNR) ratio of the sensor to the temperature coefficient of piezoresistance (TCPR). PF has been introduced as a quantitative index of the overall performance of the pressure sensor for low-range biomedical applications.
In 2002, Rodjegard H. et al. [6] presented analytical models for three axis accelerometers based on four seismic masses. The models make it possible to better understand and predict the behavior of these accelerometers. Cross-axis sensitivity, resolution, frequency response and direction dependence are investigated for a variety of sensing element structures and readout methods. With the maximum sensitivity direction of the individual sensing elements inclined at 35.3 o with respect to the chip surface, the properties become direction independent, i.e. identical resolution and frequency response in all directions.
In the present work, a miniaturized piezoresistive threedegree of freedom accelerometer with adjustable resolutions is developed using MEMS technology. A flexure configuration is proposed in order to achieve requirements of small cross-axial acceleration, high sensitivity, and small resolution. The overall chip dimension is 1.5×1.5×0.5 mm 3 (L×W×T). Twelve piezoresistors are diffused on the surface of the beam structure. Three simple Wheatstone bridges are formed directly on this sensor by interconnecting these piezoresistors to sense three components of acceleration independently. A completed simulation and analysis is performed by using ANSYS simulation environment.
To obtain a high resolution, the sensitivity has to be maximized and the noise should be minimized. They both can be solved by reducing the resonance frequency. However, the practice fabrication parameters could not overcome the limitation values (the beam structure can be easily cracked while increasing the length or reducing the thickness and width of the beam). Thus, the sensitivity of the sensor was first optimized by suitably placing the piezoresistor on the surface of the four beams. After that, the noise can be reduced by narrowing the bandwidth of the accelerometer by using an analogue low pass filter in the readout circuit.
III. THE PROPOSED 3-DOF ACCELEROMETER WITH
ADJUSTABLE AXIAL RESOLUTIONS The three-degree-of-freedom accelerometer always requires a small cross-axial acceleration, high and linear sensitivity, and small resolutions. Therefore, a flexure configuration, as shown in Fig.1 , is proposed in order to meet these critical characteristics [11] . Such variations are converted into electrical signals by using three Wheatstone bridge circuits. They are simple and it is possible to integrate electronic circuitry directly on the sensor chip for signal amplification and temperature compensation. They were built by interconnecting twelve ptype piezoresistors [7, 8] . These p-type piezoresistors were chosen to diffuse on the surface of these four beams because they can provide the maximal resistance variations.
These piezoresistors were aligned with the crystal directions <110> and <1 _ 1 0> of n-type silicon (100). These designed piezoresistors were identified and fabricated by the diffusion method. The piezoresistance effect is known to be caused by the anisotropic characteristics of the energy resolution in the crystal space [7] . In the silicon material, there are only three independent piezoresistive coefficients 11  , 12  and 44  .
The longitudinal piezoresistance coefficient l  is defined in the case the stress parallels with the direction of the electric filed and current density. Similarly, the transverse piezoresistance coefficient t  is defined in the case the stress is perpendicular with the direction of the electric filed and current density. In directions <110> and <1 It can be seen that an open loop accelerometer is equivalent to a "mechanical" low pass filter. The natural resonance frequency is an important parameter in an open loop accelerometer design. From the definition of resonance frequency, the accelerometer with a large mass can achieve the high sensitivity by reducing the resonance frequency. In practice, it is designed to satisfy the requirements on the sensitivity and the bandwidth. The bandwidth is defined as:
where  1 ,  2 are the two cut-off frequencies (or halfpower frequencies) at which the amplitude response of transfer function is 0.707. The bandwidth can be also rewritten by the Eq. (9) [12] :
It can be seen that the bandwidth is also proportional to the damping ratio. The bandwidth can be often chosen at the value of 20% of resonance frequency to ensure the stability of sensor (in the free air).
Resolution is defined as the noise divided by the sensitivity. It is observed that optimization of the resolution has been achieved by increasing the sensitivity and reducing the noise. There are two typical noise sources existing in all piezoresistive sensors, including the Johnson and flicker noise [9, 10] . The noises depend on the bandwidth of the sensor, the temperature, the geometry of the piezoresistor, the doping concentration and also the thickness of the beam.
Johnson noise (thermal noise) is the electronic noise generated by the thermal agitation of the charge carriers inside an electrical conductor when applying an arbitrary voltage. The power spectral density (PSD) of thermal noise is nearly constant throughout the frequency spectrum. This means that Johnson noise can be assumed to be White noise.
In fact, it is hard to observe this noise in a realistic accelerometer because electrical noise in the measurement circuit is often larger. The root mean square voltage of equivalent acceleration noise in each piezoresistor is:
where k B = 1.38 x 10 -23 J/K is the Boltzmann's constant, T is the temperature in resistors, R is the resistance value of the piezoresistor, and B is the measured bandwidth. The bandwidth can be determined by many parameters such as the sampling frequency of the analogue filtering, the resonance frequency of the mechanical structure, or losses in the wires, etc.
Resolution is defined as the noise divided by the sensitivity:
It can be seen that the resolution can be minimized by reducing noise and maximizing the sensitivity. The sensitivity can not be quite large due to fabrication constraints. However, the noise can be reduced by constraining the bandwidth of the accelerometer by integrating a low pass filter at the circuit interface which has a two-order transform function as: The constraint bandwidth is adjusted by using a variable resistor to adjust a 1 and a 2 .
The combined system has the transform function given by: (8) and (9), the resolution R i can be three times improved. Note that this method does not change the sensitivity; thus, ensures the stability of the accelerometer. 
IV. DESIGN AND SIMULATION USING ANSYS
The finite element method (FEM) is applied to perform analyses of the stress distribution in the flexure beams. Based on the stress distribution, piezoresistors are placed to eliminate the cross-axis sensitivities and maximize the sensitivities to three components of the acceleration. The finite element model of the sensing chip was analyzed by using ANSYS. Fig. 4 shows the stress distribution in the longitudinal and transverse directions of the first beam caused by the acceleration AX. Clearly, the stress distribution in the direction along the beam (the longitudinal stress) is much larger than that of the transverse one.
The parameter of the structure brought to the Finite Element Method (FEM) process is shown in Table 1 . Finite Element Analysis (FEA) based tools -although complexyield more complete and precise numerical results and are especially more flexible in choosing the device geometry. The most important aspect of this design process which requires FEA is the analysis of the stress distribution in the flexure beams. Based on this distribution, piezoresistors are positioned to eliminate the cross-axis sensitivities and maximize the sensitivities to the three acceleration components. Stress analysis is then performed to determine the stress distribution in the beams (Fig. 4) . The sensing principle of the sensor is based on the characteristic of the ptype piezoresistor [7] . The resistance decreases when the sensor is exerted by a compressive stress and increases when it is exerted by a tensile stress. rd beams when the sensor is submitted to acceleration in three directions (X, Y and Z). From this figure, the optional locations can be pointed out to diffuse the piezoresistors in order to sense accelerations AX and AZ with very small cross-talk. To get the maximum stress corresponding to three cases of applying acceleration, the locations of piezoresistors are also illustrated. By the same token, acceleration AY can be sensed via four piezoresistors on the 2 nd and the 4 th beams. Table 2 summarizes the increase (+), decrease (-), or invariance (0) in resistance of piezoresistors due to application of accelerations AX, AY, and AZ. The identical piezoresistors are diffused on the beam surfaces to form three Wheatstone bridges [3] . They are then connected to three corresponding low pass filters that have been discussed in the Section 2. 
By using ANSYS simulation tool, we also obtained the first three resonance frequencies (shown in Table 3 ). The performance of the accelerometer is summarized in Table 4 . With the bandwidth adjustment obtained by the combination of a "mechanical" filter with a electronics filter illustrated in Fig. 2 , the resolutions have been improved three times compared to the before ones. In practice, the quantity of the improved factor can be changed by the variable resistor of the electronic filter, depending on applications. 
V. CONCLUSION
This paper presents design and simulation of the 3-DOF MEMS based on the accelerometer with adjustable resolution. The piezoresistive effect is used as sensing principle of the sensor. The most important aspect of the FEA in this design process is the analysis of the stress distribution in the four flexure beams. The stress analysis is performed in order to determine positions of the doped piezoresistors on these beams. The miniature 3-DOF accelerometer with adjustable resolution is expected to be applied in various applications such as biomedicine, robotics, and navigation systems.
